Temporal samples of Danish brown trout (Salmo trutta) from populations representing varying geographical scales were analysed using eight putatively neutral microsatellite loci and two microsatellite loci embedded in TAP genes (Transporter associated with Antigen Processing). These genes encode molecules that are central to the major histocompatibility complex (MHC) class I restricted antigen presentation and thus integral components in the adaptive immune system. As such, they could be influenced by selection, driven by pathogens and parasites in a manner similar to MHC genes. Analysis of allele frequencies at presumably neutral microsatellite loci revealed a temporally unstable population structure within regions, while the population structure was stable over time among regions. Analyses of the two TAP markers indicated an effect of selection at both a regional and micro-geographical spatial scale. Moreover, signals of divergent selection among temporal samples within localities suggest that selection also might fluctuate at a temporal scale. These results suggest that immune genes other than the classical MHC class I and II might be subject to selection and warrant further studies of functional polymorphism of such genes in natural populations.
Introduction
Analysis of neutral genetic markers such as microsatellite DNA provides insights into the role of migration, drift and mutation in shaping the genetic structure of populations. However, neutral markers do not provide direct information about the possible adaptive significance of genetic differentiation, because neutral variation does not necessarily correlate with variation under influence of selection (Merilä and Crnokrak, 2001; McKay and Latta, 2002) . Obviously therefore, genes known to be influenced by natural selection could provide much more direct information on adaptive divergence among local populations. The classical major histocompatibility complex (MHC) class I and II loci offer a particularly promising avenue to this approach (Bernatchez and Landry, 2003) , due to the extensive knowledge on the structure and function of their encoded molecules and strong evidence for natural selection at these loci, for example increased rates of non-synonymous nucleotide substitutions, high levels of polymorphism and allele frequency distributions that are more even than expected under neutrality (reviewed by Bernatchez and Landry, 2003; Piertney and Oliver, 2006) . The parasites and pathogens in the environment are suspected to be the responsible selective agents, due to the role of the MHC molecules in presenting foreign polypeptides to the cytotoxic T cells of the immune system, thereby facilitating the flow of communication between the infected cell and the effector cells of the immune system.
Balancing selection through heterozygote advantage (Doherty and Zinkernagel, 1975; Black and Salzano, 1981) or rare allele advantage (Bodmer, 1972; Slade and McCallum, 1992) have been the favoured selection models to explain polymorphism at MHC genes. Yet, there is little empirical evidence favouring one model over the other and models of selection acting at MHC genes have been widely debated (Maruyama and Nei, 1981; Takahata and Nei, 1990; Hughes and Nei, 1992; Slade and McCallum, 1992; Borghans et al., 2004; De Boer et al., 2004) . A third selection model, proposed by Hedrick et al. (1987) and later modified by Hedrick (2002) (but see also Meyer and Thomson, 2001) , suggests that fluctuating selection in time and space is sufficient to maintain realistic levels of polymorphism at immune genes. In this model, fitness values constantly change as a function of pathogen frequency.
Although Trowsdale (1995) labelled MHC molecules 'the centre of the immune universe', the relative contribution from MHC to the immune response is rather small (Jepson et al., 1997) . Thus, a number of non-MHC genes contribute significantly to variation in the immune response and hence might also be subject to selection. These genes include loci encoding the Transporter associated with Antigen Processing (TAP). Before endogenously derived peptides, for example, some bacteria and virus are displayed (by MHC class I molecules) to the effector cells of the immune system, they are degraded and subsequently actively transported to the lumen of the rough endoplasmic reticulum. Here the association with the MHC class I molecules takes place. The transport of peptides across the membrane of the endoplasmic reticulum is mediated by the TAP molecules. These molecules are heterodimeric proteins composed of one TAP1 and one TAP2 subunit each encoded by separate loci located within the MHC region. In salmonids, Grimholt et al. (2002) identified two TAP2 loci denoting these TAP2A and TAP2B respectively. Functional polymorphism has been observed in TAP molecules (Monaco, 1992; Powis et al., 1992; Heemels and Ploegh, 1994) , as evidenced by differences among the allelic products in the ability to transport specific peptides. Moreover, the binding regions of the MHC class I and TAP molecules share similarities in their specificity to C-terminal residues of the processed peptides and it has been suggested that these molecules have coevolved (Abele and Tampé, 2006) . Furthermore, particular TAP alleles have been associated with susceptibility or resistance to a number of infectious diseases in human (Rajalingam et al., 1997; Kuzushita et al., 1999; Gomez et al., 2006) and several immune evasion mechanisms directed at the TAP molecule have been adopted by viruses (Abele and Tampé, 2006) . These findings stress the importance of the TAP molecules in the function of the immune system and suggest that, in addition to genetic variation at MHC class I and II genes, selection driven by parasites and pathogens may be acting on the TAP genes as well. While polymorphism at the MHC genes has received much attention in molecular evolutionary and ecological research, investigation of polymorphism at TAP genes has attracted much less interest.
The tendency of salmonid fishes to form local populations inhabiting different environments is expected to promote evolutionary changes (Taylor, 1991) . Several studies of brown trout (Salmo trutta) populations, using both allozymes (Ferguson, 1989) , mitochondrial DNA (Laikre et al., 2002) and microsatellites have shown that a considerable proportion of the genetic variation is distributed among populations. However, little is known about the adaptive significance of this genetic differentiation and the geographical scale at which local adaptation might occur. Hansen et al. (2002) used empirical estimates of gene flow and effective population size to make a theoretically based evaluation of the likelihood of local adaptation, concluding that local adaptations could indeed persist in brown trout populations, especially at a regional scale encompassing several river systems.
Here we analyse genetic variation at two microsatellite markers linked to the TAP2A and TAP2B loci, respectively, to investigate if any of these loci might be influenced by selection and therefore deserve further studies in this respect. Specifically we study the spatiotemporal distribution of genetic variation in brown trout (Salmo trutta) at the two TAP2-linked loci and a set of presumably neutral microsatellite loci and investigate whether these sets of markers are subject to the same evolutionary forces. In other words does polymorphism at TAP2 markers seem to evolve neutrally in natural populations? Using a hierarchical experimental design we address this issue at (i) a temporal scale, (ii) a microgeographical scale and (iii) at a regional scale.
Materials and methods
The studied localities The study was based on samples from three geographical regions in Jutland, Denmark: the Odderaa River system, the Gudenaa River system and the Lake Hald system (see Figure 1 and Table 1 ), all of which are unaffected by stocking activities. The Odderaa River system, which is inhabited by presumably interbreeding resident and anadromous brown trout (Salmo trutta), was sampled by electrofishing in 1992 and 2004. Adipose fin clips were collected from the same localities in both the years: Asbaek (ASBK), Kragebaek (KRAG), Fiskbaek (FISK), Stampemlle baek (STAM) and Assedrup baek (ASSE), all first-order tributaries, and two localities within the main river located approximately 4 km apart (ODR1 and ODR2).
The Gudenaa River system was represented by two sampled tributaries. The River Tjaerbaek was sampled in 1994 at two locations, located above (TO94) and below (TN94) an impassable barrier, whereas River Brandstrup Baek (BR95) was sampled at one location in 1995. All localities contain populations of both resident and anadromous brown trout, except the upstream part of the River Tjaerbaek (TN94), which only contains resident trout.
The small rivers Kapeldal Baek (KAP) and Krobaek (KRO), both flowing into Lake Hald, Central Jutland, were sampled in 1989 and 2002. Both rivers contain populations of brown trout migrating into the lake. The two rivers are separated by a waterway distance of approximately 2 km. The Lake Hald system is a part of the Gudenaa River drainage but has been completely isolated from allochthonous gene flow since the 12-14th century due to an impassable dam in the outlet of the lake.
Neutral microsatellite loci DNA was extracted using either the phenol-chloroform protocol by Taggart et al. (1992) or the Chelex resin method described by Estoup et al. (1996) . Eight presumably neutral microsatellite loci were PCR amplified: Str15, Str60, Str73 (Estoup et al., 1993) , Ssosl 417 (Slettan et al., 1995) , Ssosl 438 (Slettan et al., 1996 ), Ssa 85, Ssa 197 (O'Reilly et al., 1996 and T3-13 (Estoup et al., 1998) . PCR conditions were as described in Hansen (2002) . The amplified microsatellite loci were analysed on a Pharmacia ALFexpress automated sequencer (Uppsala, Sweden) according to recommendations by the manufacturer (data are provided in appendix).
TAP2-linked microsatellite loci
Two microsatellite loci located in intron 5 of the Sasa-TAP2A and Sasa-TAP2B loci, respectively, were PCR amplified using the primers by Grimholt et al. (2002) . In Atlantic salmon, the TAP2B locus has been found to map to the major MHC class I antigen UBA (Grimholt et al., 2002) . This association also seems to be present in the brown trout populations analysed in the present study as previous studies have found linkage between the TAP2B marker and a microsatellite marker located in an untranscribed region of UBA (LF Jensen, unpublished data). The UBA marker was not analysed in the present Figure 1 Map showing the geographical location of the localities sampled and the location of drainages within Denmark.
Adaptive genetic variation in brown trout LF Jensen et al study due to the presence of null alleles at this locus. The TAP2A locus belongs to a different linkage group (Grimholt et al., 2002) . The PCR profile for the two markers was an initial denaturing stage of 5 min at 94 1C followed by 30 cycles of 94 1C for 30 s, 54 1C for 30 s and 72 1C for 30 s, followed by a final extension period of 72 1C for 5 min. PCR products were analysed on a Pharmacia ALFexpress automated sequencer according to the manufacturer's recommendations.
Statistical analyses
Genetic variation and estimation of effective population size and migration rate: Exact tests for population differentiation (Raymond and Rousset, 1995a) were performed using the Genepop 3.1 software package (Raymond and Rousset, 1995b) . The program FSTAT version 2.9.3 (Goudet, 1995) was used to test for deviations from Hardy-Weinberg proportions and gametic phase disequilibria between pairs of loci, as well as estimating allelic richness (El Mousadik and Petit, 1996) , a measure of number of alleles independent of sample size, and expected heterozygosity. In all cases of multiple tests, type I errors were minimized by sequential Bonferroni correction (Rice, 1989) .
The spatio-temporal distribution of genetic variance was analysed by a hierarchical analysis of molecular variance in which total genetic variance was partitioned into four hierarchical levels: (i) among regions, (ii) among populations within regions, (iii) among temporal samples within populations and (iv) within samples. These analyses were performed using the HIERFSTAT (Goudet, 2005 ) R package (R Development Core Team, 2006) . To visualize population structure, we performed a Multidimensional Scaling Analysis based on F ST estimates, using the software Vista 5.6.3 (Young, 1996) .
Effective population sizes and migration rates for subpopulations within the Odderaa River system were estimated with the software MLNE2 (Wang and Whitlock, 2003 ) using a likelihood-based implementation of the temporal method. The analyses were based on temporal samples from the focal population, where all other samples from the system were pooled into a 'source pool', representing the allele frequencies of immigrants from within the river system. Although immigration from the populations outside the system is also a possibility, this is assumed to be quantitatively less important than gene flow at the microgeographical scale within the system. For all estimates, a generation length of 3.5 years and an upper limit of 1000 for N e was assumed. Estimates of effective population sizes and migration rates for the Lake Hald drainage were obtained from Jensen et al. (2005) .
Tests for selection: We aimed at investigating the effect of selection by using a number of different tests. We did this for two reasons: (i) as discussed by Storz (2005) empirically and model-based tests each hold both advantages and disadvantages. While empirically based tests accurately capture the demographic history of populations, they heavily rely on the loci under study being a representative sample of the genome. The modelbased tests on the other hand are expected to show less dependence on the loci analysed, but may rely on erroneous assumptions. We therefore applied both types of tests to validate their performance. (ii) By the use of more than one test of selection we aimed at minimizing the amount of type I errors as we only considered rejections of the hypothesis of neutrality as true indications of selection if they were supported by more than one test. Due to the high number of pairwise tests, sequential Bonferroni correction would be overly conservative, when applying the above approach. Significance levels were therefore corrected for multiple comparisons by controlling the false discovery rate following the procedure by Benjamini and Yekutieli (2001) .
A direct comparison of genetic differentiation at the presumably neutral microsatellite loci and the TAP2 markers provides an empirically based test of selection. While F ST is potentially bound by the level of homozygosity within samples (Charlesworth, 1998; Hedrick, 1999) , this is only expected to be of importance when mutation exceeds migration (Hedrick, 2005) . The high migration rates observed within these systems suggest that F ST is the most appropriate estimator of genetic differentiation compared to a standardized estimator, such as G' ST (Hedrick, 2005) . F ST was estimated using the program FSTAT version 2.9.3 (Goudet, 1995) and associated 99% confidence intervals were obtained by bootstrapping over loci (15 000 permutations). Point estimates for the TAP2 markers lying outside this confidence interval were considered to be significant (Weir, 1996) .
To model the neutral expectation of genetic differentiation we applied the method by Beaumont and Nichols (1996) using the program FDIST2. This method builds the expected neutral distribution of F ST as a function of heterozygosity, based on coalescent simulations, to which the observed distribution of F ST at Adaptive genetic variation in brown trout LF Jensen et al individual loci can be compared. Beaumont and Nichols (1996) showed that this procedure is rather robust to many violations in assumptions used to generate the expected distribution, for example model of population structure and mutation rate, and the approach has been applied to detect selection in several studies (Storz and Dubach, 2004; Vasemägi et al., 2005; Aguilar and Garza, 2006) . Specifically, all simulations were based on 50 000 realizations assuming a stepwise mutation model. We conducted this test at different hierarchical levels. For the largest geographical scale we considered contemporary samples from all three regions collectively, that is this level consisted of the 1992 samples from Odderaa River, the 1989 samples from Lake Hald and the Gudenaa River samples. The small geographical level was assessed by considering samples from each region separately. Again we only considered samples originating from the same year. Furthermore, we conducted the test for all pairs of populations originating from the same region and year. Finally, we tested for neutrality at the temporal scale by conducting the test for pairs of temporal samples originating from the same locality. When considering all samples we assumed a total number of demes of 100, while within the Odderaa River, Gudenaa River and Lake Hald system we assumed a total number of demes of 20, 30 and 10, respectively. As noted by Beaumont and Nichols (1996) , their method has reduced power particularly when the number of samples is small. We therefore additionally applied the method by Bonhomme et al. (submitted) when considering pairs of populations within regions. Also, we applied this test to pairs of temporal samples within populations. This procedure, which is implemented in the program Neutrallelix (http://www.genetix. univ-montp2.fr/~genetix/neutrality.htm), evaluates the test statistic D ¼ y WC Ày RH , where y WC is the multiallelic F ST estimate based on Weir and Cockerham (1984) and y RH as defined by Robertson and Hill (1984) . The observed D is compared to a simulated neutral distribution and neutrality is rejected if the probability of belonging to the simulated distribution is below the significance level. The method takes advantage of the property that the two estimators weight rare and common alleles differently when combining biallelic estimates into the multiallelic estimate. Selection influencing the allele frequency distribution at a locus leads to different average biallelic y u estimates for rare and common alleles, causing D to deviate from neutral expectations. As shown by Bonhomme et al. (submitted) , this approach is robust to deviations from the assumed model of population structure and migration-drift equilibrium and has been used to demonstrate selection at two allozyme loci in populations of pearl oyster (Pinctada margaritifera) (Arnaud-Haond et al., 2003) . As the method ignores the effect of mutation by assuming that migration exceeds mutation, we only applied it within systems where we did not expect mutation to play a significant role given the high observed migration rates. We simulated, using 1000 iterations, the neutral distribution of D assuming values of effective population size (N) and migration rate (m) based on multilocus F ST estimates, as recommended by Bonhomme et al. (submitted) . In all simulations we assumed an infinite island model and allowed 100 generations to reach migrationdrift equilibrium. F ST based on the estimators by Weir and Cockerham (1984) and Robertson and Hill (1984) was calculated using the program Genetix ver. 4.05.2 (Belkhir et al., 2004 ).
Finally, we tested for signals of selective sweeps, that is evidence of directional selection, by evaluating the LnRH statistic, given as the natural logarithm of the ratio of (1/(1ÀHe)) 2 À1, where He denotes the expected heterozygosity for each pair of populations (Kauer et al., 2003) . A selective sweep is expected to reduce the genetic variance at the genomic region affected by selection, while neutrally evolving regions are left unaffected. Thus the distribution of the ratio of observed genetic variance over loci in two populations provides a mutation rate independent test statistic suitable for detection of past selective sweeps (Schlö tterer, 2002) . The natural logarithm of this ratio for neutrally evolving loci has been shown to approximate a Gaussian distribution (Schlö tterer, 2002; Kauer et al., 2003) . We tested the specific hypothesis of a selective sweep at the TAP2 markers, by fitting a Gaussian distribution to each of 1000 bootstrapped sets of neutral LnRH estimates and calculating the probability of the estimate for the TAP2 markers.
Results
Neutral genetic variability and population structure No significant deviations from Hardy-Weinberg proportions or gametic phase disequilibria were detected at the presumably neutral markers after correcting for multiple comparisons. Summary statistics are provided in Supplementary Table S1 . For the presumably neutral markers an overall F ST estimate of 0.040 (0.029-0.052) was obtained, with pairwise estimates ranging from 0.000 to 0.106, the highest of which were observed among populations from different regions (Supplementary Table  S2 ). The hierarchical analysis of the distribution of analysis of molecular variance provided further insight into the spatio-temporal population structure (Table 2) . A significant proportion of the total neutral genetic variance was distributed among regions (3.7% of total variance; 95% confidence interval: (1.9-5.7%); P ¼ 0.01), indicating a temporally stable population structure among regions. This was further supported by the Multidimensional Scaling Analysis plot which reflected the regional geographical structure well, by revealing three distinct clusters representing the three regions (Figure 2 ). Within regions, a much lower, yet significant, proportion of the genetic variance was distributed among populations (0.6% of total variance, P ¼ 0.01), while a larger proportion was distributed among temporal samples within populations (1.2% of total variance, P ¼ 0.001). This indicates a temporally unstable population structure within drainages.
Estimates of effective population sizes were low, ranging from 37 to 90 within the Odderaa River system and 37-54 in the Lake Hald system. The joint estimates of migration rates were very high, ranging from 0.41 to 1 within the Odderaa River system and 0.15-0.26 within the Lake Hald system (Table 3) .
Population structure and polymorphism at TAP2 markers Summary statistics for the TAP2 markers are provided in Supplementary Table S3 . One significant departure from Hardy-Weinberg equilibrium was revealed at the TAP2B marker in the KRO89 sample (Supplementary Table S3 ). No linkage disequilibrium was observed between the TAP2A and TAP2B markers, concordant with the mapping of these loci to two different linkage groups in Atlantic salmon (Grimholt et al., 2002) . Also, no linkage disequilibrium was observed between any of the TAP2 markers and presumably neutral markers. Overall, levels of population differentiation similar to that found for the presumably neutral markers were observed at the TAP2 markers (TAP2A: F ST ¼ 0.038; TAP2B: F ST ¼ 0.037). However, pairwise F ST estimates for the TAP2A (ranging from 0.000 to 0.178) and TAP2B (ranging from 0.000 to 0.356) markers seemed to cover a wider interval of values compared to the presumably neutral markers (Supplementary Table S4 ).
Temporal population structure at TAP2 markers When comparing F ST estimates for TAP2A and the neutral loci among pairs of temporal samples from the same locality three outliers at the TAP2A marker (out of nine comparisons) were revealed, two of which were high outliers ( Figure 3 and Supplementary Table S4 ). In contrast, only one significantly high F ST outlier was observed at the TAP2B marker (Figure 3 and Supplementary Table S4 ).
When applying the test by Beaumont and Nichols (1996) to temporal samples within populations, the TAP2A marker was identified as a high outlier in KAP after correcting for multiple comparisons (P ¼ 0.010, critical P-value ¼ 0.018). No other loci were indicated at this level. The hypothesis of neutrality within KAP was also rejected by the Neutrallelix test. One additional locality, that is ODR1, was marginally significant (Table 4) . KAP was also identified as a high outlier in the F ST comparison, while ODR1 was significant at the 95% significance level. For the TAP2B marker, the Neutrallelix test did not reject the neutral null hypothesis of neutrality in any case for the temporal samples. The congruent results for TAP2A suggest that the significant cases for KAP are not merely type I errors and that selection might fluctuate within this locality over the time period covered in this study. The same might apply for ODR1. In further support of natural selection in KAP, a selective sweep over time was suggested at the TAP2A marker within this sample using the method by Schlö tterer (2002) and Kauer et al. (2003) . In addition to this, a marginally significant selective sweep was indicated in the ODR1 and ODR2 sample (Figure 4 ).
Geographical population structure at TAP2 markers At the largest geographical scale, encompassing all populations from all three regions, the neutrality test by Beaumont and Nichols (1996) did not suggest any of the TAP2-linked markers deviate from neutral expectations, but identified locus Ssa85 as a high outlier (P ¼ 0.013) at this scale. In contrast to these results, the comparison of pairwise F ST estimates among contemporary samples from different regions identified 17 and 27 outliers at the TAP2A and TAP2B markers, respectively. While the TAP2A marker showed high outliers at the highest proportion, the TAP2B marker was mainly dominated by low outliers (Figure3 and Supplementary  Table S4 ). As the assumption of no mutation is likely to 
Dimension 2
Odder River system Gudenaa River system Lake Hald system Figure 2 Multi Dimensional Scaling Analysis plot based on F ST estimates (Weir and Cockerham, 1984) for eight neutral microsatellite loci. Dimension 1 explains 38% of the total variance, while dimension 2 explains 22%. Beaumont and Nichols (1996) identified none of the TAP2-linked markers as outliers. However, locus T3-13 was identified as an outlier within the 1992 samples from Odderaa River (P ¼ 0.014, critical P-value ¼ 0.022). When conducting the test for pairs of populations from within the same regions and sampled the same year, no loci were identified as outliers. However, T3-13 was a marginally significant outlier in two pairwise tests in accord with this locus being identified as an outlier when considering the 1992 samples from Odderaa River collectively.
When comparing pairwise F ST estimates between contemporary samples within systems, 14 cases of outliers were observed for the TAP2A marker and 13 outliers for TAP2B (Figure 3 and Supplementary Table  S4) . Applying the Neutrallelix test revealed a total of three significant deviations from neutral expectations at the TAP2A marker and an additional three significant deviations at the TAP2B marker after correcting for multiple comparisons (Table 4 ). In four out of those six tests that were significant in the Neutrallelix test, the same pair of samples was involved in a significant outcome in the F ST comparison.
The test for selective sweeps by Schlö tterer (2002) and Kauer et al. (2003) revealed a significantly reduced variability at the TAP2A marker in 20 pairwise tests after correcting for multiple comparisons, 18 of these involving KAP89 and 2 involving ODR2-92 (Figure 4 ). In addition, four tests were marginally significant, three of those involving ODR1-04. For ODR2-92 and ODR1-04, TAP2A was also indicated to be subject to selection using the F ST and the Neutrallelix approaches. At the TAP2B marker no indications of selective sweeps were evident.
Discussion
In this study, we analysed genetic variation at markers linked to two non-MHC immune genes, that is, TAP2A and TAP2B together with eight presumably neutral microsatellite loci. The analyses provided some indications of divergent selection at both temporal and spatial scale. Before we turn to a discussion of these issues, the special pattern observed at the TAP2B marker calls for some consideration. The TAP2B marker showed considerably less variability than the TAP2A marker, both with respect to total number of alleles and expected heterozygosity (see Supplementary Table S3) . If the mutation rate at the TAP2B marker locus is much lower than at the functional locus, each marker allele could be linked to several functional alleles at the TAP2B locus. Such a pattern was found for a marker linked to the UBA locus in Atlantic salmon (Salmo salar) by Grimholt et al. (2002) . If this is also the case in brown trout, this linkage pattern could result in generally lowered population differentiation at the marker locus as observed in this study, even in the case of weak directional selection at the underlying functional locus. However, inflated population differentiation at the marker locus is not expected to result from this linkage pattern. Due to this possible bias, in the following, we only consider high F ST outliers at the TAP2B marker.
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Evidence of temporally varying selection
In this study we found some indications of temporally fluctuating selection at the TAP2A marker. First of all, the test by Beaumont and Nichols (1996) indicated that TAP2A was subject to selection over time in KAP. Beaumont and Nichols (1996) found that samples of 25 diploid individuals are sufficient when applying their FDIST2 test and that smaller sample sizes rather made the test more conservative. Similar sample sizes have also been found to produce low coefficients of variance for estimates of F ST at highly variable loci (Kalinowski, 2005) . Could the observed pattern be due to demographic events such as population bottlenecks, which potentially increase the variance in, for example, F ST among loci, rather than natural selection? Jensen et al. (2005) did in fact find some signals of population bottlenecks within the samples from KAP but the signal was not particularly strong. To further assess whether population bottlenecks could have generated the observed patterns we applied the bottleneck test by Cornuet and Luikart (1996) , assuming a twophase model of mutation with 10% non-stepwise mutations and the test by Garza and Williamson (2001) assuming a two-phase model of mutation with 10% nonstepwise mutations, mean size of non one-step mutations of 3.5 repeat units and y of 0.4. The bottleneck test by Cornuet and Luikart (1996) only indicated a bottleneck in the STAM04 sample, while the test by Garza and Williamson (2001) suggested a bottleneck in the KRO89 sample after correcting for multiple comparisons using the procedure by Benjamini and Yekutieli (2001) (data not shown). Given that the indications of population bottlenecks are either weak or missing we do not consider it likely that the increased F ST estimates at the TAP2A marker and the congruent significant Neutrallelix tests are a result of population bottlenecks, but rather suggest that they result from divergent natural selection. Temporally varying selection within localities was further indicated by the finding of a selective sweep when comparing the temporal samples from KAP. The Kauer et al. (2003) . Vertical bars denote the 99% confidence interval for neutral microsatellite loci to which LnRH for the TAP2A marker is contrasted. B, mean point estimate of LnRH for neutral microsatellite loci; , point estimate of LnRH for the TAP2A marker with P40.1, m 0.054Po0.01, Po0.01.
selective sweep seems to have appeared in the KAP89 sample. However, we did not find any footprints of this selective sweep in the KAP02 sample. How could the signal disappear over a period of 13 years? The study by Jensen et al. (2005) found migration rate among the populations within the Lake Hald system to be high, ranging from 0.13 to 0.36. It is therefore possible that the signal of a selective sweep in KAP89 could have been 'swamped' by extensive immigration in the following 13 years. Though not significantly deviating from HardyWeinberg expectations, we did observe fewer heterozygotes than expected in both the KAP89 and the KAP02 sample and we cannot rule out that this might also have influenced the test results.
Given the central role of TAP molecules in the adaptive immune system, the indications of temporally fluctuating natural selection could be due to fluctuating compositions of the parasite and pathogen fauna. Such fluctuations in pathogen distributions have been suggested in populations of salmonids (Roberts, 1993) , and a few studies of MHC variation have found temporally fluctuating selection at these genes as well (Westerdahl et al., 2004; Charbonnel and Pemberton, 2005; Coughlan et al., 2006) . However, Miller et al. (2001) and Hansen et al. (2007) did not find any trend of temporally varying allele frequencies at MHC genes in populations of sockeye salmon (Oncorhynchus nerka) and brown trout respectively. While studies now suggest that temporally fluctuating selection might be just as important to evolutionary responses in wild populations as spatial heterogeneities, this issue needs to be further addressed to investigate the generality of this finding as well as the width of the time intervals over which these fluctuations occur.
Geographical patterns of selection
In this study we also found some indications of selection at a spatial scale, although they were not as convincing as for the temporal scale. The indication of selection seemed to be most pronounced at small geographical scales. Thus, at this scale the pairwise comparisons of F ST estimates and the Neutrallelix test produced congruent results in several cases. Furthermore, a number of selective sweeps were indicated among samples from the same region and year. Indications of divergent selection across a very small geographical scale have also been reported for the MHC class II locus in Atlantic salmon (Landry and Bernatchez, 2001 ). These authors suggested that heterogeneously distributed parasites or pathogens at this small scale were responsible. Such diverse patterns of parasite distributions in fish populations have been proposed by Bakke and Harris (1998) . This suggests that salmonids might experience highly heterogeneous selection regimes at micro-geographical scales with respect to parasites and pathogens, and that local directional selection could be an important evolutionary force at genes engaged in the adaptive immune system. It should be noted that the indications of mainly directional selection at the small geographical scale could be due to low power in detecting balancing selection due to generally weak population differentiation at this scale. While low levels of population differentiation at small geographical scales provide power to detect divergent selection, at the same time power to detect balancing selection at this scale is low. The opposite can apply at the large geographical scale if population differentiation is high. We ascribe the identification of T3-13 as an outlier within the Odderaa River to chance.
The limited evidence of divergent natural selection at the large geographical scale suggests that no stable local adaptations at TAP polymorphism exist at the regional level. A similar finding was reported by Campos et al. (2006) for MHC class II polymorphism among Spanish brown trout populations. Local adaptation to different parasite and pathogen faunas, if present, might be expected to be found at larger geographical scales than those covered by these studies. This is in agreement with Hansen et al. (2002) , who predicted that local adaptations are most likely to be found at the level of several river systems rather than at the scale of individual rivers unless selection is very strong. The demonstration of differences in susceptibility to specific parasites among wild populations of salmonids (Bakke et al., 1990 (Bakke et al., , 2004 Dalgaard et al., 2003) as well as other species of teleost fishes (Gleeson et al., 2000; Kalbe and Kurtz, 2006) suggests that local parasite and pathogen faunas exert a significant selective pressure on wild populations and that local adaptation to parasite faunas might be expected at the larger geographical scale. Indeed, Hansen et al. (2007) found temporally stable and possibly adaptive divergence at a MHC class I-linked microsatellite locus between two Norwegian brown trout populations suggesting that these populations are locally adapted at MHC loci.
In the present study, locus Ssa85 was also identified as an outlier at a large geographical scale, but not within systems. Interestingly, Aguilar and Garza (2006) also identified locus Ssa85 as an outlier at the highest geographical level when analysing genetic variation in populations of California coastal steelhead trout. The finding of this marker being associated with thermal tolerance and spawning time (Sakamoto et al., 1999) in rainbow trout suggests that adaptations in these traits might occur within Danish brown trout populations as well as in California coastal steelhead trout.
A role for non-MHC variation in adaptive divergence
In this study, we set out to investigate whether immune genes other than classical MHC class I and II loci might be subject to selection in natural populations. Traditionally, most studies addressing adaptive evolution of immune genes have focused on MHC genes. Clearly, for these genes the most compelling evidence of natural selection has been gathered, which, along with detailed knowledge about structure and function of the encoded molecules as well as selective agents, makes these genes obvious candidates for such studies. However, studies that have quantified the contribution from MHC polymorphism to the variability in immune response often find this contribution to be rather small, accounting only for a few percent (Jepson et al., 1997) . Given the complexity of the adaptive immune system this might not be entirely unexpected. However, natural selection at non-MHC immune genes is rarely addressed, even though such genes might be of importance to fitness. The genes encoding the TAP molecules could be of importance to the efficiency of the immune response and thus of importance to fitness. The results from this study indicate that this might indeed be the case, at least in brown trout. Thus, our results suggest that more attention to non-MHC immune genes is warranted, as this could lead to further insight into adaptive evolution in wild populations and the evolutionary dynamics of the immune system.
